Tumor cell heterogeneity and tumor cell-stromal interactions are being explored as determinants of disease progression and treatment resistance in solid tumor and hematological malignancies. As such, tools simultaneously capable of highly multiplexed profiling of tissues' protein and RNA content, as well as interrogation of rare or single cells, are required to precisely characterize constituent tumor cell populations, infiltrating lymphocytes and stromal elements. Access to spatial relationships will enable more precise characterization of tumors, support patient stratification and may help to identify novel drug targets. Multiple platforms are being developed to address these critical unmet needs. The NanoString digital spatial profiling (DSP) platform enables highly multiplexed, spatial assessment of protein and/or RNA targets in tissues by detecting oligonucleotide barcodes conjugated via a photocleavable linker to primary antibodies or nucleic acid probes. Although this platform enables high-dimensional spatial interrogation of tissue protein and RNA expression, a detailed understanding of its composition, function and chemistry is advisable to guide experimental design and data interpretation. The purpose of this review is to provide an independent, comprehensive description of the DSP technology, including an overview of NanoString's capture and antibody barcode conjugation chemistries, experimental workflow, data output and analysis methods. The DSP technology will be discussed in the context of other highly multiplexed immunohistochemistry methods, including imaging mass cytometry and multiplexed ion beam imaging, to inform potential users of the advantages and limitations of each. Additional issues such as preanalytical variability, sampling and specimen adequacy will be considered with respect to the platforms to inform potential experimental design.
Introduction
Immunohistochemistry (IHC) continues to play a central role in the clinical diagnosis and prognosis of cancer, as well as the selection of patients for targeted therapies [1] [2] [3] [4] . These therapies, however, generally exploit cancer cell genomics or expression of unique, tumor-specific antigens, but often do not manage to integrate multiple aspects of the tumor microenvironment [5] . Nonetheless, the tumor microenvironment -its cellular composition and architecture -is increasingly recognized as a significant contributor to treatment resistance, immune evasion and tumor recurrence in the setting of both traditional chemotherapy as well as newer immunotherapies [6] [7] [8] [9] . The promise of personalized medicine rests to a large degree on the ability to generate, integrate and interpret high-dimensional data from preclinical model or patient samples. As such, there is increased demand for platforms enabling highly multiplexed protein and RNA analysis that preserve spatial positioning within tissue architecture. The development of multiplexed IHC greater than five markers has largely been restricted by the spectral overlap of available fluorophores or chromogens. However, multiple platforms claiming capability of multiplexing more than 20 markers have been developed in recent years, circumventing the limitations of IHC by conjugating novel species to primary antibodies and detecting them using innovative detector systems. Methods of mass cytometric detection of elemental metals conjugated to primary antibodies liberated either by UV laser [10, 11] or primary ion beam [12] have been described. These
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Platforms capable of highly multiplexed IHC are developing rapidly, but highly multiplexed in situ hybridization remains challenging. A platform claiming capability of highly multiplexed protein IHC and in situ hybridization has been introduced by NanoString; the digital spatial profiling (DSP) platform (NanoString Technologies, Seattle, WA, USA) theoretically enables multiplexed detection of up to 800 targets simultaneously. Target-specific barcodes attached via a UV-cleavable linker to either primary antibodies or nucleic acid probes are liberated by a UV laser from user-selected regions of interest (ROI) in a tissue sample and counted using the nCounter platform. Counts are mapped back to tissue location, thus allowing spatial designation of target abundance at the resolution of the defined ROI. The precision of the UV laser reportedly allows interrogation of protein or RNA expression by single cells or can be applied to defined masks that capture a visually demarcated tissue section.
Such capabilities hold great promise in advancing tissue-based basic and translational research. However, aspects of the DSP chemistry and function require careful consideration to inform experimental design and appropriate interpretation of results. We will review the function and capabilities of the NanoString DSP platform based on the authors' research and experience. More specifically, we will present the chemistry of oligo capture and antibody-oligo conjugation as it relates to DSP, summarizing existing published work, with consideration for how samples can be interrogated with DSP and how data are produced and analyzed. These aspects will then be considered in the context of other high-level multiplexing platforms with consideration given to both preanalytical (e.g. sample quality) and analytical (e.g. ROI selection) issues to help inform sample selection, experimental design and interpretation.
From bulk RNA quantification to multiplex IHC and in situ hybridization
Over the past 10 years, the NanoString nCounter technology has been broadly used for mRNA, miRNA and protein quantification in bulk samples (cell or tissue lysates) in multiple fields of life science. Most recently it has been implemented in the DSP platform and its chemistry is briefly reviewed before a more detailed consideration of the principles and challenges of DSP.
NanoString nCounter principles and instrumentation
The chemistry underlying NanoString is a solution-phase hybridization reaction in which RNA targets of interest in solution are each captured by a complementary nucleic acid probe with a unique fluorescent 'barcode' and then enumerated. This is accomplished in three steps: (1) hybridization, (2) purification and immobilization, (3) counting and analysis ( Figure 1 ). During hybridization, a population of RNA is mixed with capture and reporter probes in solution. Probes are specific to a transcript of interest and a unique labeled RNA fragment ('barcode') allows indexing of individual transcripts. Following hybridization, probe-target complexes are bound to the surface of a cartridge and are immobilized. A digital analyzer images up to several hundred fields of view (FOV) per flow cell, enumerating hundreds of thousands of barcodes. Images are then processed and the results are exported as a comma separated values (CSV) files.
It is important to note that amplification is not part of the nCounter chemistry. This is a distinguishing aspect of the platform and serves to avoid transcript-specific or 3 ′ -amplification bias in target identification. However, concerns over its ability to detect low abundance targets may arise. Sensitivity of the platform has been demonstrated down to 0.1-0.5 fM RNA target [15] . Additional experiments have also documented the platform reproducibility (R 2 = 0.99 [15] , R 2 > 0.98 [16] ) and minimal impact of technical variations (probe library stability, cartridge stability, cartridge lane) on sample counts [16] .
Probe barcoding: adaptation of NanoString for quantitative IHC Driven by growing interest in tumor heterogeneity and rare cell subsets (e.g. circulating tumor cells), a highly sensitive method capable of profiling a few or even single cells with high-level multiplexing has been of increasing interest. DNA barcoding had been developed and applied to soluble proteins [17] [18] [19] [20] [21] [22] . However, the application to single cells or cell suspensions was limited due to complexities of detection and barcode amplification in a cellular microenvironment. These limitations were initially surpassed by development of light-mediated cellular barcoding (LMCB). Agasti et al [23] developed an antibody-based proteomic profiling method that allowed the detection of proteins Although LMCB was a significant advance, the method was semiquantitative and PCR amplification of liberated oligos limited multiplexing to five targets and introduced 3 ′ -and size-amplification biases. LMCB was subsequently modified by capturing liberated oligos with NanoString probe sets [24] . Liberated oligos could then be detected by the nCounter platform, eliminating the need for PCR amplification and semiquantitative 
The principles and instrumentation of NanoString DSP technology
The antibody conjugation method was subsequently adopted by NanoString, who developed a specialized microscope for interrogation of tissue samples and subsequent analysis on the nCounter platform. Once sample selection and experimental design are set, the workflow can be broadly divided into three general components: (1) sample staining and imaging, (2) ROI selection, (3) collection and analysis ( Figure 2 ).
Sample considerations and experimental design
DSP can interrogate fresh frozen or FFPE samples with validated panels targeting up to 40 protein or over 90 RNA targets. Preanalytical variables have significant impact on protein and RNA quality for both sample types and have been examined extensively [25, 26] . Although mandatory requirements for DSP processing are not defined, it is suggested that for RNA analysis FFPE samples be less than 4 years old and fixed in 10% neutral buffered formalin for more than 16 h. Pilot studies conducted by our laboratory using samples less than 3 years old and with cold ischemic times less than 15 min showed robust detection of the 40 protein targets and good RNA target detection, the quality of detection being sample-, ROI-and target-dependent for the latter.
For protein targets, cold ischemic times [27, 28] , fixation duration [29] [30] [31] and specimen age [32] have documented effects on IHC quality. Although archival tissue blocks are suitable for DSP analysis, the standardization of sample collection, fixation and processing is recommended where possible for prospective studies. As this is usually not possible for archival FFPE samples, markers correlated to cold ischemic time have been demonstrated [33, 34] and their inclusion into a multiplex panel is a possible tissue quality control.
Sample staining and imaging
In the current workflow, IHC or in situ hybridization are performed on separate slides. Slides are first subjected to a 'one-size-fits-all' pH 6.0 citrate antigen retrieval for IHC or proteinase K digestion for in situ hybridization. In both cases, slides are also stained with fluorescently labeled antibodies (three or four markers) chosen by or B cell-rich ROI from a lung carcinoma sample. For multiplexed IHC, these visualization markers are incorporated into a cocktail of oligo-tagged antibodies. For in situ hybridization, tissue slides are prepared by standard protocols, incubated with a RNA detection probe cocktail, then stained with fluorescently labeled antibodies for tissue visualization. Positive and negative antibody and RNA transcript controls are incorporated into the respective cocktails. Slides are stained overnight, mounted on a microscope stage and wide-field epi-fluorescence imaging is then performed to create a digital image from which ROI will be designated.
Although RNA and protein analyses are performed on separate slides, it is advisable to use consecutive tissue sections to allow correlation of RNA and protein data. With average section thickness being 3-4 μm, this will allow preservation of overall tissue architecture and minimize variability between RNA and protein datasets. Single-cell protein and RNA analyses could not be correlated between serial sections due to section thickness. However, it is theoretically possible to identify single cells using the limited panel of fluorescent antibodies that is part of in situ hybridization on the DSP if appropriate visualization markers are chosen.
Region selection
Although a whole-slide image is created for reference using fluorescent visualization markers, DSP interrogates only smaller, user-defined regions. These ROI are selected and digitally placed onto the whole-slide image. These ROI are then UV illuminated and the liberated oligos are collected. Three types of ROI are possible on the DSP platform: (1) 'geometric', (2) 'phenotypic' and (3) single cell ( Figure 3) . A geometric ROI is represented either as a rectangle (up to 600 × 600 μm) or circle (100-650 μm diameter) and the UV laser illuminates the entire ROI. Phenotypic ROI are more restrictive and can be generated from a fluorescent marker incorporated into the staining cocktail. For example, TTF-1 staining of a non-small cell lung carcinoma sample will highlight tumor cells. A ROI overlying only the stained cells can then be generated by the image analysis software. The UV laser then illuminates these ROI(s), enabling a cell-type or compartment-specific interrogation of the tissue. Similarly, single-cell ROI can be generated by 654 J Decalf et al Figure 3 . ROI types. Three types of region can be interrogated by DSP. Selected ROI (in red on schematics) are illuminated by a UV beam liberating oligos from antibodies or RNA probes only within that region. Geometric ROI can be selected as rectangles from 100 × 100 μm up to 600 × 600 μm or circles up to 650 μm in diameter. Phenotypic ROI are generated based on marker expression and can restrict interrogation to only tumor cells or stroma. Single-cell ROI are generated based on marker expression and allow interrogation of either one or multiple single cells within a FOV.
overlay of an ROI onto fluorescent single cells within a FOV. The UV laser can then be focused as narrow as 10 μm in diameter to illuminate a single cell within the field.
Collection and analysis
Following illumination of an ROI, the oligos conjugated to the antibodies present are liberated into the buffer within the gasket overlying the tissue. A microtiter pipette ('sipper') aspirates and dispenses the oligos into a well of a 96-well plate for processing on the nCounter platform. The process is then repeated for the next ROI. For the case of geometric ROI, each ROI is ultimately deposited into a separate well in the plate. However, it should be noted in the phenotypic ROI example above that the TTF-1-positive compartment of the entire tissue sample is not interrogated. It occurs only in restricted FOV (600 × 600 μm) selected by the user. The phenotypic mask from each FOV is deposited into a separate well. For single-cell masks, the case is similar: oligos from all interrogated single cells within a FOV are typically collected and deposited into a plate well together. It is possible to analyze single cells (one cell per well) but sampling and analyzing sufficient numbers can be cost-prohibitive.
Following deposition of aspirates, the plate is placed in the preparation station and the NanoString probe set is introduced. Each RNA or antibody-specific oligo is thus coupled to a reporter probe with a unique barcode allowing discrimination and enumeration of all bound antibodies within a given ROI on the nCounter. During analysis, External RNA Control Consortium (ERCC)-positive and -negative control transcripts are included to normalize for technical variables such as hybridization efficiency. Antibody and RNA counts, control probe counts and normalization calculations are compiled for analysis.
Importantly, the DSP does not allow for an image reconstruction of the interrogated sample. The only spatial information associated with the targets is the ROI from which they were collected. Thus, probing multiple ROI with one tissue section is an alternative approach to assess a sample's heterogeneity.
DSP capabilities and validation
The chemical and technical complexity of the DSP platform suggests the need for robust validation of its technical performance, sensitivity and reproducibility. Both NanoString and third parties have performed some of these experiments and published results are briefly summarized here. To establish the limit of detection for antibody staining, an approach measuring CD3, CD45 or PD1 nCounter counts from increasing, concentric UV-illuminated areas of tonsil (100-1000 μm diameter) or CCRF-FEM T-ALL cell pellets (50-650 μm) has documented linearity (R 2 = 0.98-0.99) over 5 logs down to approximately 25 μm resolution (one to four cells) [35, 36] . Similarly, the diameter and positional accuracy of the UV beam has also been explored and the linearity (R 2 = 0.984) of one-, two-, four-and eight-cell ROI has been demonstrated [35] . Although prior experiments examined the efficiency of UV-mediated oligo cleavage and found near complete cleavage after 15 min of exposure [24] , additional experiments on the DSP have demonstrated that 5 s of irradiation gives near complete cleavage of oligos linked to CD45, CD31 and histone (personal communication). High technical reproducibility for HER2 quantification [37] as well as [36] as well as automated quantitative immunofluorescence [37] . DSP quantitation of CD3, CD4, CD20, CD56, CD45RO and CD8 has also shown good correlation (R 2 = 0.65) to flow cytometry cell counts in a peripheral blood mononuclear cell pellet [38] . A correlation to cell counts by IHC in tonsil has been shown for multiple markers, including CD3 (R 2 = 0.80), CD4 (R 2 = 0.66), PD-1 (R 2 = 0.74) and CD8 (R 2 = 0.75) [39] . Correlation to CD3 (R 2 = 0.72), CD4 (R 2 = 0.80) and CD45 (R 2 = 0.90) cell area has also been demonstrated from serial lung sections [38] . It should be noted that although correlation for such abundant markers is strong, correlation for low abundance markers, such as granzyme B, Foxp3, PD-1 and PDL1, has appeared less robust in tumor tissues [38] . To a large extent, this probably represents performance differences between clones used in the respective assays as well as exaggerated section-to-section variability for low-abundance populations. Application of the DSP technology to tissue RNA analysis has shown robust detection of RNA in both frozen and FFPE samples as well as good correlation with RNAscope analysis [40] . However, additional RNA analysis validation data have not been publicly presented at the time of writing.
DSP data evaluation and analysis
In order to evaluate the DSP performance, we conducted a pilot study on three non-small cell lung cancer FFPE samples ( Figure 4A ), analyzing 32 protein and 82 RNA targets in 24 ROI, split equally between tumor and stromal regions of each specimen. Protein and RNA panels were conducted on non-serial tissue sections and data were analyzed in parallel. The DSP generates high-dimensional data that can introduce significant variance, complicating results interpretation. We identified four sources of variance ( Figure 4A) , either technical or biological. First, probe quantification in the nCounter can be a source of technical variance. As introduced above, ERCC probes are added to the samples before quantification to normalize for quantification efficacy. This method has been routinely used for conventional RNA quantification, thus only ERCC-corrected counts should be used for further analysis of DSP data. Second, to adapt to tissue architecture, ROI may differ in size across one sample, which may impact the overall signal coming from each area. In order to compare ERCC-corrected counts, area normalization should be applied. Third, the major variable introduced by the DSP is the direct interrogation of tissues. Classical RNA quantification on bulk cells or tissues needs to be normalized for cellular content and thus relies on the presence of reference transcripts within samples for normalization. In the DSP, tissue heterogeneity needs to be considered, as different regions will differ in background and cellularity. Moreover, although the presence of RNA transcript mainly relies on the presence of cells, this is less true for proteins that can be secreted and released in the extracellular milieu. The DSP has incorporated solutions to these issues. To control for ROI background, eight negative probes are included in the RNA panel and two isotype antibodies (mouse IgG2a and rabbit IgG) are part of the protein panel. To control for cellularity, four reference transcripts (UBB, OAZ1, SDHA, POLR2A) and two antibodies against cellular proteins (Histone H3, ribosomal protein S6) are included in the RNA and protein panels, respectively.
We evaluated how background and cellularity varied between stromal and tumor ROI ( Figure 4B ). To assess background, RNA-negative probes (not specific for any human transcripts) were used. As shown in one representative sample, RNA-negative probes showed an overall increased signal in stromal areas, whereas reference transcript counts were in the same range. In the protein panel, tumor ROI showed increased signal with isotype antibodies, whereas reference proteins were comparable. These variations in background and cellularity in tissue regions, observed to a various degree in the three samples, indicate that tissues are not homogeneous and that normalization for either background or cellularity will lead to different observations.
Once ERCC-corrected counts are obtained, both RNA and protein panels can be normalized for background (signal to noise ratio; SNR) or cellularity (reference normalization; RN) as detailed in Figure 4C . We aimed to compare how these two normalization methods influence data interpretation. We explored how transcript and protein signatures differ between tumor and stromal ROI using either SNR or RN datasets. For each sample, we compared the clustered ROI types against each other and looked at the markers that were significantly different between region types. The Venn diagrams show the numbers of markers that are significantly different between the types of area and how the normalization method influences this number. Taking sample 043667T2 as an example, we observed that 44 RNA and 23 proteins were differentially expressed between tumor and stromal ROI using SNR, whereas these numbers were 54 RNA and 27 proteins using RN. Moreover, three RNA and one protein were statistically significant only with SNR, whereas 13 RNA and five proteins were only significant using RN. These variations between normalization methods were observed in all three samples. This highlights the complexity in data normalization and the need for a careful and consistent approach when analyzing DSP results. Although there is no correct answer on how to best normalize the DSP data, in our experience SNR appears to be the most appropriate, as it will discard non-biological variance. Normalization to reference targets can control for regional differences in cellularity; however, this would not be applicable to experiments interrogating such differences, e.g. T cell prevalence in tumor versus stromal regions. Thus, we recommend adapting the normalization methods to each experiment, which will be influenced by the degree of the complexity of the tissues analyzed and the question asked.
Single-cell analysis
Single-cell analysis has enhanced the characterization of cancer heterogeneity [41] [42] [43] [44] [45] , improved mechanistic insights into cancer progression and may ultimately aid the evolution of cancer classification and the development of novel strategies for both chemo-and immunotherapies [46] [47] [48] [49] [50] [51] [52] . Additionally, the impact of even rare immune cell subsets on tumor progression and prognosis has been demonstrated [53] [54] [55] [56] . The DSP has demonstrated an ability to interrogate very few or single cells and is a potentially powerful tool for such studies. nCounter counts from OX40-negative ROI establish background levels of OX40 staining and isotype controls establish general background staining levels. Counts above these levels may be considered 'positive' expression (or an arbitrary greater threshold set). By these criteria, surface marker expression for single cells appears anomalous and probably reflects collection of two or several adjacent cells. Counts for other markers vary significantly and 'negative' ROI may not be negative for markers of interest, e.g. CD20 (arrow).
However, such data must be carefully interpreted and considered in light of certain technical limitations.
For many markers, visual interpretation of expression by standard IHC is binary (positive/negative). However, oligo tags counted by the DSP platform are continuous. To assign cell identity, a threshold must be set to define 'positive' and 'negative.' For single cells, this can be accomplished by selecting certain 'negative' regions of tissue, e.g. connective tissue or individual cells negative for a marker of interest, to establish a background level of staining.
However, pilot studies conducted in our laboratory suggest that data can still be difficult to interpret. For example, marker counts for three individual OX40-positive cells stained in a tonsil sample are somewhat unexpected ( Figure 5 ). Cell 1 is OX40/CD8/ CD20/CD45-positive, cell 2 is OX40/CD3/CD4/CD20/ CD45-positive and cell 3 is OX40/CD4/CD45/CD8/ CD20-positive. Although OX40 expression on CD4 [57, 58] and CD8 T cells [59, 60] is known and expression on B cells, dendritic cells and eosinophils has been suggested [61] , the observed phenotypes are anomalous. Overlap of the UV beam between adjacent B and T cells may explain this pattern. However, this is recognizable due to the known expression pattern of these markers. If novel markers were being interrogated, establishing definitive expression profiles for each cell would be difficult. These issues would probably be resolved in analyses of large numbers of OX40-positive cells. However, the discrimination and characterization of single or small numbers of immune cell subsets could be challenging and samples as well as ROI must be carefully selected to optimize such an analysis.
NanoString DSP and other multiplexing methods
Apart from NanoString, several technologies currently enable high-level multiplex immunostaining of FFPE tissues and are at varying stages of technical and commercial maturity. Although all achieve multiplexing of more than 20 protein markers, none have demonstrated highly multiplexed RNA target detection, their capabilities differ and access to the technology can be limited and/or costly. Also, significant computational expertise in image analysis is often necessary to interpret the results. As such, potential users must carefully consider their experimental question(s) and needs in the context of the various platforms' capabilities. We briefly summarize here the current capabilities of mass spectrometry (MS)-based platforms and cyclic multiplex staining methods and consider NanoString DSP in their context.
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Secondary ion MS has been incorporated into two platforms to image antibodies tagged with isotopically pure elemental metals in FFPE tissues. The first couples laser ablation with CyTOF and is commercially available as the Hyperion Imaging System (Fluidigm Corp., South San Francisco, CA, USA) for imaging mass cytometry (IMC). In IMC, following antigen retrieval, FFPE tissue is stained with a cocktail of antibodies, each conjugated to a specific rare earth isotope. ROI are selected from an unstained, digitized whole-slide image and each region is rasterized with a pulsed laser (1 μm 2 spot) and the liberated ions are introduced into the inductively coupled plasma time-of-flight (TOF) MS. The ion counts for each pulse can then be assembled into a protein expression image for each ROI with a resolution of 1 μm 2 . The principle of multiplexed ion beam imaging (MIBI) is similar but with several distinct features. MIBI uses a custom-designed TOF MS equipped with a duoplasmatron primary O 2 + ion source rather than a laser. Also, tissues must be mounted on tantalum and gold-coated, conductive slides. ROI are selected from a digitized whole-slide image and corresponding positions on the tissue are sequentially sputtered with the O 2 + primary ion beam at 500 nm probe size/resolution. Secondary ions are collected and pass through an orthogonal TOF MS. Events are then recorded and TOF spectra for each pixel are summed and saved to a data file.
By contrast to these platforms, MultiOmyx (Neogenomics, Fort Myers, FL, USA) uses a cyclic staining approach. Three to four fluorescently labeled antibodies are applied to a tissue, ROI (700 × 700 μm) are imaged, fluorophores are chemically quenched with an alkaline solution and the cycle repeats with a new antibody cocktail. Subsequent imaging steps require microscopic realignment of ROI on the tissue. Images taken for each round can then be co-registered by DAPI staining and pseudo-colored, multiplexed images generated.
The platforms, including DSP, share several features (Table 1) . Each interrogates only small ROI, which together could fully characterize core biopsy samples but constitute only a minor fraction of an average excisional biopsy specimen. Also, each must subject the sample tissue to a 'one-size-fits-all' antigen retrieval process that may not be optimal for multiple antibodies in the staining panel, resulting in either decreased sensitivity or significant background staining. The platforms also employ primary conjugated antibodies. As such, with the exception of MultiOmyx, amplification cannot be introduced.
Unlike IMC, MIBI and cyclic staining methods, a unique feature of DSP is that apart from fluorescent antibodies used for ROI selection, targets cannot be visualized. Although highly multiplexed images can be generated via IMC or MIBI through assignment of ion counts to individual pixels or via MultiOmyx through co-registration of images, oligos cannot be assigned to individual pixels to reconstruct a tissue image on DSP. Markers are only detected as counts in the predefined ROI. This facilitates data management by eliminating the need for image analysis [63] [64] [65] . However, the drawback of such an approach is that visual verification of staining quality and specificity is not possible. Spatial information, such as distances between immune cell subsets, can have prognostic relevance [66] and such analyses of larger numbers of immune cell subsets could be even more informative. However, analysis of such morphological features by DSP would at least require careful planning of visualization markers and ROI selection but seems largely restricted as the majority of targets cannot be visualized.
Conclusion and perspective
The NanoString DSP offers great opportunities to interrogate tissue samples at a high-dimensional level and it should be noted that the platform is rapidly evolving and many of its technical aspects may have changed or improved even by the time of writing. Two recent studies have used NanoString DSP to characterize the tumor protein profile of melanoma patients receiving immune checkpoint blockade therapy and showed that baseline immune infiltration was correlated with treatment efficacy [67, 68] .
Validation work performed by our laboratory and others' have demonstrated robust detection of high abundance protein and RNA targets, dynamic range significantly greater than traditional IHC and good to excellent reproducibility and correlation to gold standard methods. Although these attributes can generate unprecedented data from archival tissue samples, aspects of the method must be carefully considered when designing experiments and interpreting results. For instance, single-cell analyses typically aggregate oligos from multiple individual cells in a plate well, allowing analysis of associations between markers, e.g. CD3, CD4 and CD8. However, the amount of individual CD3 + CD4-positive versus CD3 + CD8-positive cells cannot be enumerated. Single cells (one cell per well) can be interrogated but defining 'positive' expression for any given protein marker requires consideration of background levels. These can be established via the included isotype controls and/or consideration of counts from a 'negative' region of tissue for a given marker. Although these are helpful methods to determine true expression, establishing a threshold remains arbitrary. In addition, tissue areas 'negative' for certain markers may not be present or distinguishable in certain sample types or tissues. As such, both tissue and ROI selection must be carefully considered in designing an experiment.
Data normalization is an important and dynamic question in analyzing multidimensional datasets, and no clear solutions can be given. Although NanoString RNA parameters in their analysis. Working in collaboration with computational scientists is essential in order to maximize the quality of the data generated. Although this was not assessed in our pilot studies, detection of fusion or splice variants could also be performed using this platform.
For DSP experiments, it is also important to consider that the antibody conjugation chemistry is not a site-specific reaction with tightly controlled stoichiometry. In fact, the number of oligos per antibody appears highly heterogeneous between clones [24] . It is unknown if and how the conjugation performed by NanoString differs from the originally published method. However, normalization of results to average oligo tags per clone may be an important step in results interpretation.
In the context of translational research, the ability to explore banked samples with multiplexing platforms allows for retrospective analysis of clinical studies, for example. Other approaches are also taken in order to characterize tissue heterogeneity and complexity. In particular, single-cell RNA sequencing offers the possibility to explore this issue. Such methods have been used to reconstruct the immune landscape of breast tumor samples [70] . That said, this approach is limited to the analysis of fresh tissues with the logistic limitations implied and can only interrogate its cellular component. Thus, being able to characterize the whole tissue diversity remains important for a better understanding of pathologies.
